The DNA binding and structural properties of Xfin-31 (Lee, M.S., Gippert, G.P., Soman, K.V., Case, D.A. and Wright, P.E., 1989, Science 245, 635-637), a twenty five amino acid zinc finger peptide, in the reduced, oxidized and zinc complex forms, as well as the fourteen residue helical segment of the zinc finger (residues 12-25) have been compared using affinity coelectrophoresis (ACE) and circular dichroism (CD) spectroscopy. The zinc complex and oxidized peptides bind cooperatively to DNA although the cooperativity factor, to, is more than 15-fold greater for the zinc complex. The reduced peptide in the absence of zinc and the helical segment do not bind cooperatively (u = 1). Hence, the binding constant for singly contiguous sites (Kw) ranges over 100-fold for the various peptides even though the intrinsic binding constants (K) are similar. An increase in binding order and affinity for the other forms of Xfin-31 is correlated with an increasing similarity of the CD spectrum to that of the Xfin-31 zinc complex. The surprising DNA binding activity of the oxidized peptide may result from hydrophobic interactions between the amino-terminal loop formed by the Cys3-Cys6 disulfide bond and conserved hydrophobic residues in the carboxyl-terminal segment. Xfin-31 may be a particularly useful model for studying several poorly understood aspects of cooperative, non-specific DNA binding since it is small, has a stable, well-defined structure, and structures of zinc fingers bound to DNA have been determined.
INTRODUCTION
The 'classical' zinc finger motif is characterized by an amino acid sequence similar to (Tyr,Phe)-X-Cys-X 2i 4-Cys-X 3 -Phe-X 5 -Leu-X 2 -His-X3 i4 -His where X is a variable amino acid (1) . Zinc can be tetrahedrally coordinated to the pairs of cysteine and histidine residues (2) . When coordinated to zinc, these zinc finger sequences have been shown to adopt a small tertiary structure that contains a short, two-strand /J-sheet at the amino terminus packed against a helix at the carboxyl-terminus both in isolated single zinc finger peptides (3) (4) (5) and as a small tertiary structural domain in a poly peptide (6, 7) . The /3-sheet and helix interact through zinc binding and through the formation of a small hydrophobic core that contains the three conserved hydrophobic amino acids (3) . Two or more of these small tertiary structures have been shown to mediate sequence-specific DNA binding (8) (9) (10) , while single zinc finger domains bind non-specifically to DNA (11) . There is considerable evidence from both in vivo and in vitro studies that the structure, and hence, biological activity associated with zinc fingers depends on coordination to zinc (1) .
We are interested in the possible role of hydrophobic interactions in stabilizing small tertiary structures that may be precursors of more complex structural domains during protein folding and could provide a basis for the modular design of new proteins (Butcher, D.J., Bruch, M.J. and Moe, G.R., submitted). Since the conserved features of the zinc finger sequence motif include three hydrophobic residues in addition to the zinc coordinating residues it seemed likely that the hydrophobic side chains have an important role in stabilizing the small tertiary structure adopted by zinc fingers. Some experimental evidence in support of this idea has been provided by Berg and coworkers who have shown that a 'minimalist zinc finger peptide' lacking these 'core' hydrophobic residues binds zinc with much lower affinity than an analog containing the 'core' (12) . Based on the conserved hydrophobic residues and the results of Michael et al. (12) , it is likely that zinc finger domains have some marginally stable structure in the absence of zinc that facilitates zinc binding. However, with one exception (13) , no stable structure or significant DNA binding activity has been detected in zinc finger peptides in the absence of zinc (11, 14) . To date, DNA binding by classical single zinc finger peptides has only been characterized using gel shift assays. Since a unique complex is not observed, and peptides with binding constants on the order of 10 5 M" 1 are at the limit of detection for this assay, weak DNA binding activity of non-zinc containing forms of Xfin-31 remained a possibility.
In order to characterize the DNA binding activity of the various forms of Xfin-31 and a peptide segment containing residues 12-25 of Xfin-31 (Xfin-31-Helix, Figure 1 ) in greater detail, we have adapted the method of affinity co-electrophoresis (ACE) (15) for measuring non-specific binding of peptides to DNA and analyzed the data using the theory for non-specific binding of ligands to a homogeneous lattice developed by McGhee and von Hippel (16) . Using this approach, we show here that non-specific *To whom correspondence should be addressed DNA binding of Xfin-31 in the zinc complex and oxidized forms is cooperative. In addition, a correlation between changes in the CD spectrum of the various forms of Xfin-31 and an increase in the cooperativity factor, w, suggests that cooperativity in DNA binding depends on the structural stability of the peptide.
MATERIALS AND METHODS

Peptide synthesis and purification
Xfin-31 and Xfin-31-Helix were synthesized on a Millipore Excell 9400 peptide synthesizer using Fmoc amino acids (Millipore, Bedford, MA). Xfin-31 was synthesized with a carboxyl-terminal amide and a free amino terminus to permit sequencing of the peptide. The synthetic peptides were purified by reverse phase HPLC using an Aquappre RP-300 semi-preparative column (Rainin Instrument Co., Woburn, MA). The peptides were eluted with a gradient of acetonitrile in 0.1% trifluoroacetic acid, pH 2.0. Oxidized Xfin-31 was prepared by adding a 3-fold excess of K 3 Fe(CN) 6 (17) followed by HPLC purification. Xfin-31 was treated with dithiothreitol before purification, and the lyophilized fractions were stored under argon to prevent oxidation. All peptides were >95% pure as determined by analytical HPLC.
Amino acid sequences of the purified peptides were determined using an Applied Biosystems Model 470 gas phase sequenator (Foster City, CA). The molecular mass of oxidized Xfin-31 determined by using a Finnigan TSQ700 triple-quadrapole mass spectrometer with an electrospray source was 2973.2 Da which is identical to the expected mass of the oxidized form of the peptide. Electrospray mass spectroscopy was also used to confirm that all samples of oxidized Xfin-31 used for CD and DNA binding experiments did not contain dimers or oligomers. Peptide concentrations were determined spectrophotometrically using 1500 M" 1 cm" 1 as an extinction coefficient for tyrosine in 6 M guanidine hydrochloride (18) . The concentration of Xfin-31-Helix was determined by comparing its amide absorption in water to a known concentration of a reference peptide having a similar length.
DNA synthesis, purification and labeling
Two 15-base deoxyribonucleotide strands (5'-GATCC-TTGGGCGGAG-3' and 5'-AATTCTCCGCCCAAG-3') containing the sequence recognized by the transcription factor, Spl (19) , were synthesized on an Applied Biosystems 381A DNA synthesizer (Foster City, CA). The oligonucleotides were purified by reverse phase HPLC using an Aquapore RP-300 analytical column (Rainin Instrument Co., Woburn, MA). The oligonucleotides were eluted from the column using a gradient of 10% acetonitrile in 0.1 M triethylammonium acetate, pH 7.0 to 30% acetonitrile in the same buffer over a period of 40 min (20) . Concentrations of the oligonucleotides were determined from their absorbance at 260 nm using extinction coefficients of 1.61 x 10 5 M^'cm" 1 and 1.52X1O 5 M^'cm" 1 , respectively (21) . The two strands were annealed by heating equimolar amounts of oligonucleotide to 90°C in 10 mM NaCl followed by slow cooling to ambient temperature. CD spectroscopy confirmed the formation of duplex DNA. Sequenase (United States Biochemical, Cleveland, OH), [a-32 P]-dATP (NEN, Boston, MA), and unlabeled deoxyribonucleotide triphosphates were used to incorporate radioactive label and to fill in the staggered ends of the duplex oligonucleotide according to procedures recommended by the manufacturer. The oligonucleotide was separated from unincorporated [a-
32 P]-dATP on a Sephadex G-50 column.
CD spectroscopy
All CD spectra were recorded on a Jasco J-710 circular dichroism spectrometer in a jacketed 0.1 cm cell that was maintained at 25°C with a circulating water bath. Aqueous solutions of peptide and/or DNA were buffered in 10 mM NaH 2 PO 4 at pH 7.2. Solutions of the reduced peptide were prepared in the same buffer that had been degassed by vigorous sparging with helium.
Confirmation that the peptide was in the reduced form was obtained by analytical reverse phase HPLC using the same conditions described above for purification of the peptide after each experiment. The zinc complex was formed by adding a 5-fold molar excess of ZnSO 4 to a 1 mM solution of Xfin-31 in distilled, degassed water. The pH was then adjusted to 6. CD spectra of peptide/DNA solutions were recorded after incubating the mixtures at 23 °C for 30 min followed by centrifugation. No precipitated material was detected.
DNA binding experiments Affinity coelectrophoresis (15) was used to measure DNA binding activity of the peptides. The procedure was modified by using high-melting agarose (Fisher Biotech, Fair Lawn, NJ) containing 40 mM Tris-acetate buffer, pH 8.3, and 1 mM EDTA (TAE buffer). The wells containing peptide were prepared by diluting peptide solutions in TAE buffer with an equal volume of 2% agarose in TAE buffer at 65°C. The gel was immersed in TAE buffer at 5°C for 15 min before beginning electrophoresis. The 32 P-labeled oligonucleotide was loaded in the gel as a solution in TAE containing 15% glycerol but no dyes. Electrophoresis was carried out at a voltage of 3-4 V/cm at 5°C for 5 h. The mobility of the DNA was visualized by autoradiography using Kodak XAR-5 film. Experiments performed with Xfin-31 in the zinc complex form were carried out using the same conditions except that the buffer did not contain EDTA. Experiments performed with Xfin-31 in the reduced form in the absence of zinc were carried out in TAE buffer that contained 10 mM EDTA.
Analysis of DNA binding data According to Lim et al. (15) , a retardation coefficient, R, can be calculated from the ratio of the distance the DNA migrated at a particular peptide concentration to the distance in the absence of peptide. A maximum value of R, R M , is the mobility shift caused by saturating concentrations of peptide. The relationship between R and peptide concentration was analyzed using the theory developed by McGhee and von Hippel (16) for cooperative and non-cooperative binding of ligands to a one-dimensional homogeneous lattice. R is proportional to v, the binding density, and nv, the ratio of DNA bound to total DNA, is equal to RIR X (15) . The binding equation for non-cooperative, non-specific binding of ligands to a homogeneous lattice then becomes:
where L is the free ligand concentration which is approximately equal to the total ligand concentration and c = 1/R< OO .
For cooperative ligands the corresponding binding equation is:
where M is:
Since R < " is proportional to the charge of the complex at saturating peptide concentrations, the binding site size, n, can estimated from:
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RESULTS AND DISCUSSION
DNA binding studies Previous DNA binding studies employing gel shift assays have suggested that single zinc finger peptides bind non-specifically to DNA only in the presence of zinc (11) . These results correlated well with structural information obtained from CD and NMR spectroscopies which have shown that the peptides exhibit largely disordered conformations in the absence of zinc but adopt stable structures in its presence (9, 11, 14) . However, our initial attempts to study the non-specific DNA binding activity of Xfin-31 in its various forms using the gel shift assay led to ambiguous results. We observed that peptide/DNA complexes precipitated and bound to plastic tubes and pipette tips. In addition, no discrete complex was observed in the gel and therefore it was not possible to quantitatively measure the fraction of bound DNA. Furthermore, as a result of the heterogeneous nature of the binding reaction, fluorescence or NMR spectroscopies or filter binding assays were not viable alternatives. In contrast, the ACE method (15) is not limited by these constraints. In this assay various concentrations of peptide are cast in an agarose gel, and the radioactively labeled DNA is loaded in a thin well at the top of the gel. When a voltage is applied the DNA migrates through the agarose containing peptide. As long as the ligand/DNA complex is small compared to the pore size of the electrophoretic matrix, the relative mobility of the DNA depends on the net charge which is directly related to the amount of peptide bound (36). It is an equilibrium assay that is capable of measuring weak binding. Since it depends only on the net charge of the complex, it is not limited by the solution properties of the peptide/DNA complex (36). Finally, it is highly reproducible as the peptide concentrations and relative mobilities can be measured accurately. Since all of the peptides used in this study bind non-specifically to DNA, the mobility shift of the DNA resulting from binding interactions with the peptide cast in the gel was analyzed using the theory developed by McGhee and von Hippel (16) for nonspecific binding of ligands to overlapping binding sites on a homogeneous lattice (Materials And Methods). The Scatchard plots in Figures 2, 3 and 4 show that all four peptides bind to the oligonucleotide. The curves drawn through the data points were obtained from non-linear least-squares fits of the binding data to the equations derived by McGhee & von Hippel (16) rewritten in terms of R (Materials And Methods). The humped Scatchard plots of the binding data for the zinc complex and oxidized forms of Xfin-31 ( Figures 2 and 3, respectively) are characteristic of ligands that bind cooperatively, while the corresponding plots for reduced Xfin-31 in the absence of zinc and Xfin-31-Helix (Figure 4 ) are typical of ligands that bind noncooperatively. Cooperative binding by oxidized Xfin-31 was not due to the presence of covalent dimers or other oligomers as only monomeric peptides were observed when the solutions of peptide used in these studies were analyzed by HPLC and electrospray mass spectroscopy. As reported by Lee et al. (11) , Xfin-31 in the presence of zinc binds to the oligonucleotide at micromolar concentrations of peptide with half-maximal binding occurring at -2 nM. In contrast to the results of Lee et al. (11) , reduced Xfin-31 in the absence of zinc was observed to bind to DNA in the ACE assay. This discrepancy is most likely due to the fact that the ACE assay is capable of measuring very weak binding that can not be measured by the gel shift assay.
As shown in Table I , the differences in the intrinsic binding constants, K, calculated from the binding data for the three forms of Xfin-31 are relatively small. In fact, the value of K for the Xfin-31 zinc complex is smaller than either the oxidized or reduced peptide in the absence of zinc. Evidently, it is more difficult for the relatively rigid zinc complex to make effective contacts with the oligonucleotide than for the more flexible oxidized and reduced peptides. The values of K are similar to those of other non-specific DNA binding ligands including PLP (23) , histone HI (24), HB protein (25) , and T4 Gene 32 Protein (26) .
In contrast to modest differences in the values of K, the values of o), the cooperativity factor, vary over a wider range (Table I) . co for the Xfin-31 zinc complex is 15-fold larger than that of the oxidized peptide and 61-fold larger than the reduced form or Xfin-31-Helix. Clearly, from comparing the values of Kco (Table  I ) the differences in apparent affinity of the various forms of Xfin-31 result primarily from cooperativity, not from inherent differences in intrinsic binding affinity. While oxidized Xfin-31 was observed to bind to DNA over a concentration range similar to that of the Xfin-31 zinc complex, it is unclear whether oxidized zinc fingers have a significant biological function in vivo since the redox potential inside eukaryotic cells would favor cysteine over cystine (27) and since zinc is relatively abundant in the nucleus (28) .
Although the non-specific binding model of McGhee and von Hippel is based on the assumption of an infinitely long lattice, finite lattice lengths are more commonly encountered experimentally. The effect of a finite lattice on binding curves has been studied theoretically (29, 30) and experimentally (31). Epstein (29) found that differences in binding parameters between infinitely long lattices and finite lattices only become apparent for the case of low concentrations of a highly cooperative ligand. Kowalczykowski et al. (31) demonstrated these effects experimentally with the binding of T4 gene 32 protein to poly(rA). Plots of fractional saturation of the lattice, 0, versus free peptide concentration agree well in the lower half of the binding curve, but deviate after fifty percent of the lattice has been saturated. The deviation increases with increasines in site size, cooperativity, and extent of saturation.
In the present case, where a nineteen base pair oligonucleotide was used, small errors in estimating the binding constants for highly cooperative ligands might be expected but these errors would not change the overall conclusions. According to the theoretical lattice saturation curves generated by Epstein (29) , the binding parameters for Xfin-31 (oxidized), , and Xfin-31-Helix that were determined using the McGhee-von Hippel model are valid for a nineteen base pair oligonucleotide. However, the degree of cooperativity observed for the Xfin-31 zinc complex is large enough to result in a slight underestimation of the apparent binding constant, Kw. Nevertheless, Xfin-31 in the zinc complex form still binds to DNA with greater affinity relative to Xfin-31 (oxidized), , and Xfin-31-Helix . Moreover, the observation of cooperative binding by Xfin-31 in both the zinc complex and oxidized forms holds independently of the model used to determine the binding parameters.
The observation that the Xfin-31 zinc complex binds cooperatively to DNA was unexpected since it is known to adopt a small, stable tertiary structure that is monomeric even at relatively high concentrations (3). In addition, classical zinc fingers bind to DNA as independent domains which have a structure that is similar to that of single zinc finger peptides in solution (3) . The dimensions of the zinc finger tertiary structure can be best accommodated within the major groove of B-form DNA, and in fact each finger domain was observed to be bound within the major groove in the Zif268/DNA crystal structure. Since the binding site sizes estimated for the Xfin-31 zinc complex (2.7 base pairs) and the oxidized form (2.6 base pairs) are in good agreement with the individual zinc finger domain site sizes observed in the Zif268/DNA co-crystal (~3 base pairs; 6), we propose that these peptides also bind within the major groove of DNA. Furthermore, u is relatively small (w < 100) compared to that observed for other cooperative, non-specific DNA binding peptides. Hence, cooperativity in the DNA binding interactions of oxidized and zinc complexed Xfin-31 probably results from DNA-mediated interactions, not peptide-peptide interactions. These might include any number effects at sites near a bound peptide that facilitate further binding such as displacement of counter ions and water, maintaining an open major groove by decreasing the flexibility of the DNA, aggregation of peptide/DNA complexes, and so forth.
While K for the various forms of Xfin-31 does not depend strongly on conformational stability, it is evident that cooperative DNA binding does. For example, the Xfin-31 zinc complex is known to adopt a very stable tertiary structure (3) and, as shown here, binds to DNA cooperatively. In contrast, the reduced peptide in the absence of zinc exhibits little structure in solution (3) and does not bind cooperatively to DNA. Since oxidized Xfin-31 does bind cooperatively to DNA, we speculate that it adopts a structure that is similar though more flexible than the Xfin-31 zinc complex. The smaller value of w may reflect the relatively greater flexibility of the oxidized peptide compared to the zinc complex. The disulfide bond between Cys3 and Cys6 reduces the conformational flexibility in a relatively small segment of the oxidized peptide that is unlikely to make a sufficiently large number of direct contacts with the DNA to explain its cooperative DNA binding activity. However, the conformational flexibility of several hydrophobic residues [Tyrl, Leu5 and cystine3,6 (32)] is also constrained by the disulfide bond. Since the DNA binding activity of Xfin-31-Helix increases ~ 10-fold when the aminoterminal segment is added and then becomes cooperative when the disulfide bond is formed, it is possible that hydrophobic interactions between the amino-terminal loop segment and the carboxyl-terminal helical segment ( Figure 1 ) stabilize a conformation of oxidized Xfin-31 that facilitates cooperative DNA binding. CD studies In order to address the question of whether differences in DNA binding activity are associated with changes in peptide conformation, the CD spectrum of Xfin-31 in the zinc complex, oxidized, and reduced forms, and Xfin-31-Helix were recorded. The spectra are compared in Figure 5 . The spectrum of the zinc complex is similar to that reported previously for the TFIIIA-2 zinc finger peptide in the presence of zinc (14) and is characterized by relatively weak CD bands. The CD spectrum characteristic of helical conformations (33) is not apparent despite the fact the the zinc complex peptide contains ~ 14 residues of helix (3) . Presumably contributions to the CD spectrum of two reverse turns (33), the cluster of aromatic amino acids (34), and possibly the zinc complex decrease the apparent magnitude of the helical CD spectrum. As a result there is no strong correlation between an increase in helical structure and an increase in the magnitude of [6] (11, 14) .
Although oxidized Xfin-31 binds cooperatively to the synthetic oligonucleotide over a concentration range similar to that of the zinc complex peptide, it is possible that the oxidized peptide interacts with DNA in a conformation that is different from that of the zinc complex. In order to address this question, CD spectra of the Xfin-31 zinc complex and oxidized peptides were recorded in the presence of the synthetic oligonucleotide. As shown in Figure 6 , the conformation of the Xfin-31 zinc complex does not change significantly when bound to DNA. This observation is consistent with NMR studies documenting the stability of the tertiary structure adopted by the peptide in the presence of zinc (3). This also shows that the cooperative DNA binding of the Xfin-31 zinc complex is not due to conformational changes in the peptide. In contrast to the zinc complex, the spectrum of oxidized Xfin-31 does change upon binding to DNA. It appears to more closely resemble that of the zinc complex as the minimum at 201 nm changes from -11 000 deg cm 2 dmol-' to -7500 deg cm 2 dmol" 1 compared to -6500 deg cm 2 dmol" 1 for the zinc complex ( Figure 6 ). This observation provides further evidence that the decrease in the magnitude of the minimum at 201 nm corresponds to an increase in the population of conformers that are similar to that of the zinc complex.
The large difference observed in the CD spectra of oxidized and reduced Xfin-31 in the absence of zinc is in contrast with the CD spectra of the TFIIIA-2 zinc finger peptide where little difference between the oxidized and reduced forms was observed (14) . Evidently not all zinc finger peptides have the same conformational propensities in the absence of zinc even though the amino acids that define the classical zinc finger motif are conserved. A comparison of the sequences of the TFITIA-2 peptide with Xfin-31 reveals that the loop between the conserved cysteine residues of Xfin-31 is shorter and contains only nonpolar amino acids while that of TFIIIA-2 contains primarily charged residues. The differences between TFIHA-2 and Xfin-31 lie in the hydrophobic character of the N-terminal loop segment, and CD spectra of the oxidized forms are consistent with hydrophobic interactions between residues in the N-and C-terminal segments making an important contribution to the stability of the folded conformation of Xfin-31. This is further supported by the observation that Xfin-31-Helix, which does not have the potential for hydrophobic interactions between adjacent segments, exhibits little organized structure and weak DNA binding activity. In comparing the sequences of classical zinc finger domains it appears that relatively few of them contain only nonpolar amino acids in the segment connecting the conserved cysteine residues. None of the zinc finger domains that do have hydrophobic segments have been structurally characterized in the oxidized form.
Research on the problem of protein-DNA recognition has focused primarily on specific binding interactions. However, all proteins that bind to specific DNA sequences also bind DNA non-specifically. In order to understand how proteins are able to discriminate between specific and non-specific sites it is equally important to understand the nature of non-specific DNA binding (35). There is considerably less information about protein structures and modes of interaction for non-specific DNA binding proteins. In this regard, Xfin-31 might provide a useful model. 
